Abstract: In this paper, a new analytic iterative technique, called the residual power series method (RPSM), is applied to time fractional Whitham-Broer-Kaup equations. The explicit approximate traveling solutions are obtained by using this method. The efficiency and accuracy of the present method is demonstrated by two aspects. One is analyzing the approximate solutions graphically. The other is comparing the results with those of the Adomian decomposition method (ADM), the variational iteration method (VIM) and the optimal homotopy asymptotic method (OHAM). Illustrative examples reveal that the present technique outperforms the aforementioned methods and can be used as an alternative for solving fractional equations.
Introduction
Fractional calculus, including integrals and derivatives of arbitrary order, is a generalization of classical integer-order differentiation and integration [1] . In the past few decades, fractional calculus theory has played an important role in the fields of fluid mechanics, physics, entropy and engineering [2] [3] [4] [5] . By using fractional calculus, some physical models and engineering processes can be described more reasonably and applicably. For example, entropies based on fractional calculus could be used more widely than traditional Shannon entropy [6] . Due to its wide application, fractional entropy has become a hot research field [7] . Another example is fractional differential equations, which are powerful for modeling various phenomena [8] . The reason is that the next state of a system depends not only on its current state, but also on all of its historical states. Such equations, to a certain extent, may reflect the physical reality better than the integer-order differential equations. For example, the fluid-dynamic traffic model with fractional derivatives can eliminate the deficiency arising from the assumptions of continuum traffic flow [9] . It is of interest to note that the fractional calculus theory and its application have been studied in great detail in the literature ( [10] [11] [12] [13] [14] and the references therein).
As is known to all, the Whitham-Broer-Kaup (WBK) equations were originally introduced to describe the propagation of shallow water waves [9] , with different dispersion relations. The WBK equations have the following form:
P t + P P x + Q x + bP xx = 0, Q t + (P Q) x + aP xxx − bQ xx = 0,
where P (x, t) denotes the horizontal velocity, Q(x, t) is the height that deviates from the equilibrium position of liquid and a and b are constants that are represented in different diffusion powers. So far, a great deal of effort has focused on the exact or approximate solutions for the WBK equations. Xie et al. [15] obtained some new solitary wave solutions by the hyperbolic function method. Sayed and Kaya [16] used the Adomian decomposition method (ADM) to get the approximate solutions. Rafei and Daniali [17] applied the variational iteration method (VIM) to construct the analytical solutions. Recently, Hap and Ishap [18] made use of the optimal homotopy asymptotic method (OHAM) to solve the WBK equations and acquired the numerical solutions.
Here, we consider the WBK equations in fractional case, which are called time fractional Whitham-Broer-Kaup equations:
where 0 < α ≤ 1 and a, b are real constants. Note that α = 1; System (2) becomes the standard WBK equations. It is also necessary to point out that when a = 1 and b = 0, we have fractional modified Boussinesq (MB) equations, and when a = 0 and b = 1 2 , approximate long wave (ALW) equations are obtained.
Nowadays, information theory is generalized in view of fractional calculus. By using fractional calculus, Machado introduced a novel formula for entropy [19] . Finding the exact or numerical solutions of a given fractional differential equation is still a challenging task in the field of fractional calculus. Therefore, an immediate and natural question arises if we can get the explicit approximate solutions of time fractional WBK equations. In recent years, many powerful techniques have been extended and developed to obtain numerical and analytical solutions of fractional differential equations, such as the tau spectral method [20] , the spectral collocation method [21] [22] [23] [24] , the Jacobi-Gauss-Lobatto collocation method [25] , the operational matrices and spectral techniques [26] and the mesh-less boundary collocation methods [27, 28] .
The residual power series method (RPSM) was initially developed to compute the numerical solutions of the first-order and the second-order fuzzy differential equations [29] . This method provides a power series solution with rapid convergence. It has been advantageously implemented for the nonlinear fractional Korteweg-de Vries-Burgers equation [30] , for the fractional foam drainage equation [31] , for the time-fractional two-component evolutionary system of order two [32] and for other equations [33] . It has been proven that the RPSM is a convenient and effective method in its application.
The main purpose of this paper is to use the RPSM to study various properties of time fractional WBK equations. After a few steps, high accuracy analytical traveling solutions for System (2) can be given in the form of the truncated power series.
The remainder of the paper is organized as follows. In the next section, we review some fundamental definitions and theorems of fractional calculus theory. In Section 3, the procedure of the RPSM is described, and then, the residual power series solution to System (2) is derived. Three examples are discussed, and the results are compared to various methods in Section 4. Finally, a short conclusion is presented in Section 5.
Preliminaries
In this section, some fundamental definitions and preliminary results of fractional calculus are presented [32, 33] . There are different definitions of fractional integration and differentiation, such as Grunwald-Letnikov's definition, Riemann-Liouville's definition and Caputo's definition. In this context, the fractional derivative is in the Caputo sense, which is defined as:
where m is the smallest integer that exceeds α. Some properties of the Caputo fractional derivatives are stated here:
Next, we will collect some important definitions and theorems of fractional power series. For a more detailed discussion, the reader is referred to [30, 34] . 
is called the fractional power series about t = t 0 .
Theorem 1.
Suppose that f has a fractional PS representation at t = t 0 of the form:
. Here, Theorem 2. Suppose that P (x, t) has a multiple fractional PS representation at t = t 0 of the form:
.
Residual Power Series for Time Fractional WBK
We consider time fractional WBK equations:
subject to the initial conditions
We aim to construct a power series solution to the above system by its power series expansion among its truncated residual function. The procedure of the RPSM for System (5) and (6) is summarized as follows.
Step 1. Suppose that the solutions to System (5) and (6) as a fractional PS about t = 0 can be written as:
. (7) Then, the k-th truncated series of P (x, t), Q(x, t) could be represented as:
If we take k = 0, by the initial conditions (6), it is easy to check that the zeroth RPS truncated solutions of P (x, t), Q(x, t) are:
Therefore, the k-th truncated series of P (x, t), Q(x, t) could be rewritten as:
By the representations of P k (x, t) and Q k (x, t), the k-th RPS approximate solution will be obtained after f i (x) and g i (x), i = 1, 2, · · · , k are available.
Step 2. The residual functions for System (5) and (6) are defined respectively:
Moreover, the k-th residual functions take the form:
We state some useful results of Res P (x, t) and Res Q (x, t) from [29, [31] [32] [33] , which are essential in the RPSM.
Step 3. By substituting (10) into (12) and calculating the fractional derivative
Res Q,k (x, t) together with (13), we get following algebraic system:
Step 4. After solving algebraic System (14), we have f i (x) and g i (x), i = 1, 2, · · · , k. Therefore, the k-th RPS approximate solution is derived.
Next, we will deduce the first approximate solution in detail. In fact, it is very convenient to perform computations by using the Maple 13 software package.
For k = 1, the first RPS approximate solution could be written as:
Following the above steps, we get the first residual functions:
and:
According to Res P,1 (x, 0) = Res Q,1 (x, 0) = 0, we have following algebraic system:
The higher degree of approximate solutions can be derived in a similar way. When k = 2, we express the second RPS approximate solution as:
According to the procedure of the RPSM, we obtain:
By the Maple 13 software package, we deduce the following result:
After the above discussion, we can represent the k-th RPS (k = 1, 2, 3, 4) approximate solution of Systems (5) and (6) . If we repeat the process of RPSM, we will get a higher degree of approximate solution.
Applications
The purpose of this section is to present some examples to show the efficiency and accuracy of the method proposed in Section 3. Application 1. Consider the following time fractional WBK equations:
subject to the initial conditions:
where B = √ a + b 2 , ξ = x + c and c,k, λ are arbitrary constants. For α = 1, the exact solutions of Systems (21) and (22) are:
According to the process of the RPSM described in Section 3, we get the first RPS approximate solutions:
and the second, third and fourth RPS approximate solutions are obtained respectively:
where f i and g i , (i = 1, 2, · · · , 4) satisfied (16, (18) (19) (20) .
To obtain the first RPS solutions for Application 1, we substitute (16) into (24), i.e.,
The second, third and fourth RPS approximate solutions can be derived by the same manner as above. We take k = 0.1, λ = 0.005, a = 1.5, b = 1.5 and c = 10. Figure 1 explores the fourth RPS approximate solutions of P (x, t) and Q(x, t) for α = 0.5.
The comparison results of the absolute errors by the RPSM and other methods [16] [17] [18] for Application 1 are shown in Tables 1 and 2 . Table 1 . The absolute errors of P (x, t) obtained by the various methods for Application 1.
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Application 2. We consider the special case of the time fractional WBK equations, namely the time fractional MB equations:
with the initial conditions:
For the special case where α = 1, we have the exact solutions of Systems (27) and (28):
The parameters are taken to be the same as in Application 1. Taking a = 1 and b = 0 from (26), we can write the first RPS approximate solutions for the time fractional MB equations as:
The other higher degree of approximate solutions can be obtained similarly. The fourth RPS approximate solutions of P (x, t) and Q(x, t) for α = 0.5 are in Figure 2 . The results of absolute errors by various methods [16] [17] [18] for Application 2 are given in Tables 3 and 4 . Table 3 . The absolute errors of P (x, t) obtained by the various methods for Application 2.
6.35269×10 Application 3. Finally, we consider the time fractional ALW equations:
and the initial conditions:
If α = 1, the exact solutions of Systems (30) and (31) are:
We set the parameters the same as in Application 1. By (26) together with the constants a = 0, b = 1 2 , it is easy to get the first RPS approximate solutions for the time fractional ALW equations as:
Similarly, we have the higher degree of approximate solutions. Like the above two applications, the graphical results and numerical descriptions are presented in Figure 3 and Tables 5 and 6 . Due to the high accuracy of the present method, there are nearly no differences between the graphs of numerical solutions and exact solutions.
From Tables 1-6 , there is no doubt that the absolute errors obtained through the RPSM are better than ADM, VIM and OHAM. It is also clear that we can get very good approximation solutions from a few iterations. That is the pertinent feature of the proposed method for solving time fractional WBK equations.
Conclusions
In this paper, we have demonstrated the feasibility of the RPSM for solving time fractional WBK equations. The steps of this method are summarized, and the relevant applications are developed. All of the given examples reveal that the RPSM can be used as an alternative to obtain analytical solutions of time fractional nonlinear differential equations. The numerical results also show that the RPSM yields a very effective and accurate approach to the approximate solution of time fractional WBK equations.
